organic frameworks (MOFs), have recently attracted much attention, due to their high versatility in terms of material structure and structure-property correlations. 3 Accordingly, by combining the rational design of the organic ligands with the directionality imparted by metal-ligand coordination bonds, specific structures and functions can be realized. In practice, artificial organic-inorganic crystals are commonly equilibrium structures obtained under thermodynamic control, and they display defined properties (or functions) depending on both the nature of the metal ions or molecular constituents, as well as on the final thermodynamic conditions (e.g. temperature, pH, solvent composition). Moreover, dynamic molecular crystals that exhibit adjustable functional properties have been successfully synthesized through changes in the final thermodynamic state (i.e. changes in the free energy landscape), upon application of external stimuli. 4, 5, 6, 7, 8, 9, 10 On the other hand, and in sharp contrast, crystallization processes in living systems (i.e. biomineralization), as well as biomimetic crystallizations, often occur under non-equilibrium conditions (e.g. chemical gradients,
reaction-diffusion control, hydrodynamic effects), which leads to kinetic growth pathways. 11 Kinetic effects may often dominate thermodynamic control and, as a result, self-assembly cannot be properly described by classical thermodynamic theories. 12 It is significant to note that, to date, any understanding of the mechanisms and dynamics underlying CP self-assembly is very limited, with their crystallization pathways being largely unknown and unresolved. This is despite the fact that the properties and functions of CPs may be a direct consequence of the pathways followed during their assembly and development. Accordingly, there is a pressing need to elucidate pathway complexity and, more importantly, to control the hiking of functional materials on the free energy landscape during the self-assembly process (very well pictured in nature but elusive with conventional synthetic methods). 13 Such an understanding and ultimate control will lead to new adaptable structures with unique properties and functions.
14 Herein, we demonstrate that liquid-liquid interfacial reactions present in continuous-flow microfluidic devices are critical in prompting a paradigm shift in crystallization processes, going from common temperature-time dependent synthetic protocols (thermodynamic control) to controlled space-time strategies (kinetic control). 15 The laminar flow conditions that are characteristic of most microfluidic systems, where mixing of reagents only occurs through molecular diffusion, 16 engender unprecedented control over crystallization processes in space (crystallization only happens in the reaction-diffusion (RD) area generated between the co-flowing reagent streams) and time (crystallization proceeds along the length of the microfluidic channel). 17 Additionally, and in contrast to bulk synthetic approaches, microfluidic liquid-liquid interfacial reactions are characterized by a constant mass transport of reagent species to the RD area. As a result, no depletion of reagents occurs during self-assembly, which in turn favours a fine control over self-assembly dynamics and growth pathways (vide infra). 18 This condition, for example, has been advantageously used to isolate and study kinetically-trapped species along a single crystallization pathway. 18 Note that even though other microfluidic methods (such as droplet-based microfluidic approaches) have been used to effectively synthetize MOF crystals in a continuous and faster manner, 19 RD conditions are only allowed by microfluidic devices operating under laminar flow regimes. 20 Here, and in sharp contrast to previous work, 18 we show how kinetic control over the self-assembly of a functional CP, achieved under Polymer), shows spin-crossover (SCO) behaviour that can be tuned by gas sorption, and is thus being of significant interest in both the fields of molecular magnetism as well as porous crystalline materials.
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Results
In a previous study, CCP-4 was synthesized in bulk conditions by mixing btzbp and Fe(BF4)2·6H2O
in acetonitrile over the course of a few days under turbulent stirring conditions (i.e. thermodynamic control). 21 CCP-4 was characterized as a white crystalline powder, where the generated crystals were perfectly hexagonal in shape. Importantly, the crystal habit could be directly related to the hexagonal symmetry of the crystal structure of CCP-4, determined to belong to space group P63. However, in this preliminary study attention was focused on potential changes of the magnetic properties of crystals in their equilibrium state and upon the application of an external stimulus (e.g. adsorption of CO2 molecules), but not on the mechanisms and pathways followed by CCP-4 during the crystallization process itself. Remarkably, Path A and Path B ultimately yield hexagonal crystallites (as observed at 24 hours after collection, Figure S6 ), which are indistinguishable in terms of morphology from those reported for CCP-4 ( Figure S9 ). In addition, X-ray powder diffraction confirmed that MF-CCP4 samples (isolated 24 hours after preparation) have the same crystal structure as the bulk synthesized samples,
i.e. as CCP-4 ( Figure S1 ). Finally, SCO behaviour was also unchanged between MF-CCP4 and CCP4 samples, with a sharp transition to the high spin state observed at 199 K ( Figure S10 ).
Accordingly, these results confirm that both Path A and Path B lead to the thermodynamically favoured CCP4 crystal form; however, the two paths are distinct and represent unique hiking routes in the free energy landscape of the system. It should also be noted that changes in the total flow rate (TFR) do not change the outcome, but simply the number of structures generated, 18 with an increase in FRR preventing the reaction from occurring (no MF-CCP-4 aggregates were observed by TEM imaging, see Methods section for further details).
C A B
In light of these results, we investigated the growth of CCP4 crystals (those prepared by bulk methods) in more detail, with a view to uncovering possible differences in the pathways taken by the system under microfluidic mixing (controlled RD) and bulk mixing (thermodynamic control). Figure 1C and Figure S7 ). These are formed by the self-assembly of smaller hexagonal crystallites. However, all TEM samples prepared from bulk solutions after 3 hours resulted in empty TEM grids. Actually, we observed that CCP-4 crystals already precipitate completely from the reaction mixture after 3 hours, leaving a clear supernatant solution. SEM images of the precipitate confirmed the presence of fully formed CCP-4 crystals with hexagonal shape ( Figure 1A and Figure   S9 ). These results clearly demonstrate that CCP-4 crystallizes following a different pathway (hiking route) along the free energy landscape (Path C in Fig 1A) . In Path C, which is selected under thermodynamic control (homogeneous mixing), the assembly process of CCP-4 is triggered by the attachment of hexagonal particles that maintain the same orientation as the final crystals precipitating from the reaction mixture ( Figure 2C ). To the best of our knowledge this is the first example of mesoscale assembly in SCO CPs, where the final superstructures (i.e. the thermodynamic CCP-4 crystals), which are in fact single crystals as reported previously, 21 are clearly assembled from colloidal intermediates via an oriented aggregation process. 24 It is important to stress that both microfluidic and bulk syntheses lead eventually to the thermodynamic product (the global minimum in the free energy landscape); that is, to the same hexagonal crystals ( Figure 1A ). However, kinetic control under microfluidic conditions steers the system through two peculiar nucleation-growth pathways characterized by well-defined metastable intermediates (Path A and Path B). These two kinetic pathways have never been observed when the system is prepared in bulk conditions. On the other hand, under thermodynamic control (homogeneous mixing in bulk) the system follows the particle-based pathway, Path C, characterized by mesoscale assembly (or crystallization by particle attachment). 11 In addition, Path C overall results in faster crystallization with complete precipitation of the product within 3 hours. Remarkably, this is a clear example of pathway selection within a crystallization process. Once kinetic pathways (Path A or Path B) progress under RD conditions for 40 ms, the system is forced to go "downhill" towards the final product (through different intermediates) and cannot go "uphill" to follow the (fastest) thermodynamic pathway, i.e. Path C in Figure 1A . This example of pathway selection differs from studies where different crystal morphologies are accomplished by controlling solvent-crystal interactions. 25 In fact, in these studies the crystal shape is controlled by modifying the free energy surface of crystal faces via solvent composition, and hence, changing the energy landscape. On the other hand, in the current situation, the energy landscape is fixed by the final experimental conditions, but the system can be steered to follow different hiking routes towards the final thermodynamic product. Figure S6 and Figure S11 ). Considering that all samples show the same crystal structure, the crystallization mechanisms observed in Path A and Path B (monomer-to-monomer growth) 11 can be rationalized in terms of the intermolecular interactions present in CCP-4. Figure 3 shows the crystal faces of the hexagonal crystals, with the edges of the crystal being parallel to the a and b axes. An image of the crystal viewed perpendicular to the c axis (i.e. perpendicular to the (001) plane) indicates that the corners of the hexagons correspond to the position of the BF4 -counter-ions (yellow moieties in Figure 3B and 3C), whereas the edges of the hexagons correspond to the phenyl groups of the organic ligands (yellow moieties in Figure 3E 
Competition between Pathways
Discussion
In light of the results presented, it is clear that the reaction-diffusion conditions present in the microfluidic reactor provides access to new crystallization pathways, where the emergence of intermediate species, which are unfavourable in bulk environments, can be observed. We believe that the continuous supply of building blocks in the RD region favours an increase in local concentration, and thus in the number of coordination events, being the aggregates driven by stronger interactions the first ones to form. In addition, the continuous feeding of reactants in the RD region can induce growth in crystal faces that are hindered in flask mixing experiments. In this regard, it should be noted that in flask mixing experiments, the presence of a reagent depletion zone makes the crystallization process strongly dependent on the surface free energy of the crystal. Microfluidic device fabrication. The microfluidic devices were fabricated by replica moulding of PDMS against a structured master mould. The master mould was prepared using standard photolithographic techniques as described in detail elsewhere. 24 Briefly, the microfluidic device consisted of a structured PDMS slab attached to a glass coverslip using oxygen plasma activation.
The PDMS device comprised four input channels cross-sectional dimensions of 50 µm × 50 µm.
These input channels converged to form a 10 mm long channel (the main microfluidic channel) that was 250 µm wide and 50 µm high. Inlets were connected to reagent reservoirs, and the outlet to a collection vessel, using Teflon tubing (PKM SA, Switzerland).
Synthesis of MF-CCP-4.
In a typical experiment, solutions of iron(II) tetrafluoroborate hexahydrate (15.7 mM) and 4,4′-bis((1Htetrazol-1-yl)methyl)-1,1′-biphenyl (31.4 mM) in acetonitrile were injected into the two middle input channels (b and c in Figure 1 ), while two pure acetonitrile flows were injected into the sheath channels (a and d in Figure 1 ). All four input flows were injected at a flow rate of 50 µL·min -1 using a syringe pump system (neMESYS module, Cetoni GmbH) that provided for precise control over flow rates in all channels. The turbid effluent solution was continuously collected in a 5 mL glass vial for 10 minutes, resulting in 2 mL of sample. 
SEM.
Scanning electron microscopy studies were performed on a Hitachi S-4800 microscope operating at an accelerating voltage of 10 kV after metallization of the samples (Au-Pd).
TEM. Transmission electron microscopy (TEM) images were collected on a JEOL JEM-1010. All measurements were performed at the acceleration voltage of 100 kV. High-resolution transmission electron microscopy images and EDX microanalysis were obtained using a TECNAI G2F20 S-TWIN HR microscope operating at 200 kV.
XRPD. X-ray powder diffraction measurements were performed on an Empyrean PANalytical powder diffractometer, using Cu Kα radiation (λ = 1.54056 Å). MF-CCP-4 was filled into 0.5 mm borosilicate capillary prior to being mounted and aligned. Two repeated measurements were collected at room temperature (2θ = 2-40°) and merged in a single diffractogram. , with an applied field of 0.1 T.
Data availability
All data generated and analysed during this study are included in this Article and it is Supplementary Information, and are also available from the authors upon reasonable request. Figure S1 . X-ray powder diffraction of CCP-4 (pink) and MF-CCP-4 (violet). Figure S9 . SEM images of CCP-4 crystals after 24 hours reaction. 
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Statistics analysis
The analysis of TEM grids prepared at different time intervals (1, 3, 6 , and 12 hours) has resulted in the observation of 876 different particles. These particles can be classified in three different groups: i) those following the Path A growth; ii) those following the Path B growth; iii) and the hexagonal crystals found in the final state. A graph showing the statistical analysis of this study is presented in Figure S11 . 
